Superoxide dismutase (SOD) activity was determined during the growth cycle of unheated and heat-injured cells of Staphylococcus aureus MF-31. SOD activity levels dropped in unheated cells during the lag phase, increased during logarithmic phase, and became constant in the stationary phase. Cells which were sublethally heated (520C, 20 min) in 100 mM phosphate buffer and subsequently allowed to recover in tryptic soy broth demonstrated an 85% decrease in SOD activity upon inoculation into recovery medium. As the injured cells repaired the heat-induced lesions and entered logarithmic growth, SOD levels rapidly increased. Heatinjured cells allowed to recover in tryptic soy broth plus 10% NaCl showed similar decreases in SOD activity levels. However, no subsequent increase was observed when specific activity was calculated based on milligrams of protein.
Superoxide dismutase (SOD) activity was determined during the growth cycle of unheated and heat-injured cells of Staphylococcus aureus MF-31. SOD activity levels dropped in unheated cells during the lag phase, increased during logarithmic phase, and became constant in the stationary phase. Cells which were sublethally heated (520C, 20 min) in 100 mM phosphate buffer and subsequently allowed to recover in tryptic soy broth demonstrated an 85% decrease in SOD activity upon inoculation into recovery medium. As the injured cells repaired the heat-induced lesions and entered logarithmic growth, SOD levels rapidly increased. Heatinjured cells allowed to recover in tryptic soy broth plus 10% NaCl showed similar decreases in SOD activity levels. However, no subsequent increase was observed when specific activity was calculated based on milligrams of protein.
Microorganisms subjected to a variety of physical or chemical treatments (heating, freezing, drying, acidification, disinfection, etc.) may become sublethally damaged (1, 8, 9, 13, 21-23, 25, 27) . A number of sites of damage have been observed in sublethally stressed cells of Staphylococcus aureus. These include damage to the cytoplasmic membrane, resulting in leakage of cytoplasmic constituents (16) , degradation of ribosomes and ribonucleic acid (10, 20, 24) , and the decreased activity of certain enzymes. Bluhm and Ordal (4) observed decreased activity of lactate dehydrogenase, fructose diphosphate aldolase, and butanediol dehydrogenase in extracts from thermally stressed cells. Tomlins et al. (26) demonstrated that the tricarboxylic acid cycle enzymes oxoglutarate dehydrogenase and malate dehydrogenase were also inactivated after thermal stress. A decreased activity of catalase (2, 3, 11, 18) and TSA plus 7% NaCl (TSAS). Additional samples were removed and centrifuged, and the supernatants were discarded. The pellets were maintained in an ice bath before being lysed as described below.
Growth and recovery procedures. The SOD activity during various stages of the growth cycle of S.
aureus was determined by inoculating 1 volume of an overnight culture into 99 volumes of TSB. Growth was monitored by plating on TSA. Samples were removed at various time intervals and pelleted by centrifugation. The pellets were stored frozen overnight. In some experiments, S. aureus cells were propagated anaerobically at 35°C under a 100% nitrogen atmosphere. After the cells entered the stationary phase, as determined by a constant optical density at 600 nm, samples were removed, and puromycin (0.1 mg/ml) was added to prevent de novo synthesis of SOD upon exposure to oxygen. The samples were pelleted, and the supernatants were discarded. The pellets were maintained in an ice bath until lysed. For recovery experiments, the thernally stressed cell suspension was immediately cooled in an ice bath and the cells were pelleted VOL. 41, 1981 by centrifugation. The heat-stressed cell pellet was suspended in 1 volume ofTSB or TSBS and inoculated into 99 volumes of the same medium. The inoculated medium was incubated at 350C with rotary shaking.
Samples for plate counts and SOD assays were aseptically removed from the recovery medium at appropriate time intervals during the 12-h recovery period. Samples for enzymatic analysis were pelleted by centrifugation, and the supernatant was discarded. Pellets were stored frozen overnight. Recovery was monitored by counting the colony-forming units by means of the TSA/TSAS plating system previously described. Cooled or frozen cell pellets were suspended in PPB and then lysed as described by Andrews and Martin (2) .
SOD assay. The SOD activity of cell lysates was determined by the method of McCord and Fridovich (19) . SOD activity was determined as units of SOD per milligram of protein or as units of SOD per viable cell on TSA, which was then calculated, compared to an appropriate standard sample, to give percent activity. One unit of SOD was defined as the amount of SOD required to inhibit the rate of reduction of cytochrome c by 50%. The protein concentration of the cell lysate was determined by the Folin-Ciocalteau assay, using lysozyme as the standard (17) . RESULTS SOD activity during growth. The SOD activity during the growth cycle of S. aureus MF-31 is shown in Fig. 1 . After inoculation into the fresh growth medium, the SOD activity of the cells decreased 24%, reaching a minimum value after about 1 h of incubation. The SOD activity then rapidly increased, and after about 4 h of incubation it attained a level similar to that at 0 min. Through the next 8 h, a slight increase in SOD activity paralleled the increase in cell counts on TSA. A 10% increase in SOD activity was observed as the cells went from the early log phase to the stationary phase. Stationary-phase cells of S. aureus propagated anaerobically contained 41% less activity than similar aerobically grown cells (data not presented). Statistically significant differences (P < 0.1) in the SOD activity of stationary-phase cells were not observed whether the cells were propagated in TSB or in TSB containing up to 10% NaCl.
Recovery in TSB. The activity of SOD during the recovery of stressed cells in TSB was examined (Fig. 2 ). An approximate 6% decrease of the staphylococcal SOD activity was seen after 20 min of heating at 520C in 100 mM PPB when calculated on per milligram of protein, whereas a 45% decrease was observed when calculated per viable cell. The thermally stressed cells were diluted 100-fold into fresh TSB to allow the celLs to recover and grow. In relation to both standards, an approximate 85% decrease in the specific activity of SOD occurred when the cells were diluted into the TSB. During the Fig. 3 . Approximately 6% of the SOD activity was lost after 20 min of thermal stress, as observed above during recovery in TSBS. After inoculation of the thermally stressed cells into TSBS, a 90% decrease in SOD activity was observed. During the first hour of recovery in TSBS, the SOD activity increased slightly. After 2 h of recovery, the SOD activity had decreased to the level observed at 0 min of recovery. This was followed by a gradual increase in SOD activity which paralleled the increase in cell counts on TSAS.
The uninjured population (as indicated by the count on TSAS) began replication about 6 activity was calculated based on viable cell number. Analysis of Fig. 3 indicates that the cell count on TSA decreased approximately 90% during the first 6 h of recovery. Cell number then began to increase on both TSA and TSAS between 8 and 10 h into recovery. The increase observed in SOD activity when determined per viable cell is probably artifactual. This increase results from those cells that are unable to form colonies on TSA, but still possess SOD activity. DISCUSSION Little published information is available concerning the SOD activity during various phases of bacterial growth. Therefore, the SOD activity of S. aureus during a variety of growth conditions was examined. An examination during the growth cycle of S. aureus MF-31 in TSB indicated that the SOD activity decreased during the lag phase, paralleled an increase in cell counts on TSA during the logarithmic phase, and became constant during the stationary phase. Overall, the synthesis of SOD was sinilar to that reported for catalase (3) . However, only a 10% increase in SOD activity was observed as cells went from the early log phase to the stationary phase, as compared to a 50% increase in catalase activity. The large increase in catalase activity suggests that late-log-and early-stationary-phase cells produce considerably more H202 than lag-or log-phase cells. In agreement, the slight increase in SOD activity may reflect a small increase in the net production of the superoxide radical.
Stationary-phase cells of S. aureus MF-31 averaged about 22 may be due to differences in the following: strain of S. aureus (MF-31 versus ATCC 12600); growth medium (TSB versus brain heart infusion broth); lysis condition (lysostaphin versus sonication); or protein standard (lysozyme versus bovine serum albumin).
The induction of SOD by oxygen has been observed in a number of organisms (12) . Hassan and Fridovich (15) less SOD activity than cells grown aerobically. Cells of S. aureus were grown anaerobically to determine whether a similar decrease in activity occurred. Stationary-phase cells grown anaerobically contained 41% less SOD than aerobically grown cells. This suggests that SOD in S. aureus is induced by oxygen or a reduction product of molecular oxygen, as observed in other organisms.
Cells of S. aureus may be exposed to NaCl either in their natural environment or when enumerated on many standard selective media for this organism. Bucker et al. (7) reported that the catalase activity of stationary-phase cells of S. aureus propagated in TSB was 12-fold higher than in TSBS. However, similar results were not observed with SOD. The SOD activity remained constant whether the cells were grown in TSB or TSB containing up to 10% NaCl. In contrast, the addition of NaCl to late-log-phase cells resulted in a reduction in SOD activity which was proportional to the amount of NaCl added (unpublished data). Apparently, under normal growth conditions, S. aureus is able to adapt to the increased NaCl concentration in the growth medium. Similar levels of SOD activity were produced regardless of the NaCl concentration, whereas a sudden addition of NaCl may have resulted in the partial inactivation of this enzyme.
Several investigations have dealt with the cellular events which occur when thermally stressed cells of S. aureus are allowed to recover in a nonselective environment such as TSB. The majority of these studies have dealt with the synthesis and repair of ribosomes after thermal stress. During the recovery process, the activity of a few enzymes such as fructose diphosphate aldolase and lactate dehydrogenase (4, 26) , as well as catalase (2, 3, 11, 18) , have been examined. The pattern of SOD activity during the recovery of thermally stressed cells in TSB was similar to that found for catalase (3) . An approximate 85% decrease in the specific activity of SOD occurred when the cells were inoculated into TSB. The reason for this decrease is unknown. However, the SOD activity rapidly increased after the thermally stressed cells com-pleted repair of the heat-induced lesions and entered logarithmic growth. It previously has been reported that thermally stressed cells which were subsequently allowed to recover contained only 75% of the fructose diphosphate aldolase activity and 51% of the lactose dehydrogenase activity as compared to unstressed cells (4, 26) . A similar result was observed in these studies, where only 60% of the SOD activity of control cells was observed (when calculated per milligram of protein). However, a similar pattern in the synthesis of SOD was observed. As the stressed and recovered cells entered the stationary phase, the rise in SOD activity declined, as in unstressed cells.
Standard selective plating media for S. aureus may contain up to 7.5% NaCl, whereas liquid medium used in the most-probable-number technique for the detection of low numbers of S. aureus contains 10% NaCl. Recovery of thermally stressed cells in TSBS was similar to the recovery pattern previously observed (3, 14) . After 6 h of recovery in TSBS, the SOD activity gradually increased (calculated per milligram of protein), which paralleled an increase in the enumeration of the stressed cells on TSAS. The slight increase observed in both the SOD activity and the enumeration on TSAS might have been due to the growth of the uninjured cells in TSBS. We acknowledge the assistance of the late Z. J. Ordal in some phases of this research. His advice and suggestions were appreciated.
